It has long been appreciated that polymorphonuclear leukocytes (PMN) kill Cryptococcus neoformans, at least in part via generation of fungicidal oxidants. The aim of this study was to examine the contribution of nonoxidative mechanisms to the inhibition and killing of C. neoformans. Treatment of human PMN with inhibitors and scavengers of respiratory burst oxidants only partially reversed anticryptococcal activity, suggesting that both oxidative and nonoxidative mechanisms were operative. To define the mediators of nonoxidative anticryptococcal activity, PMN were fractionated into cytoplasmic, primary (azurophil) granule, and secondary (specific) granule fractions. Incubation of C. neoformans with these fractions for 18 h resulted in percents inhibition of growth of 67.4 ؎ 3.4, 84.6 ؎ 4.4, and 29.2 ؎ 10.5 (mean ؎ standard error, n ‫؍‬ 3), respectively. Anticryptococcal activity of the cytoplasmic fraction was abrogated by zinc and depletion of calprotectin. Antifungal activity of the primary granules was significantly reduced by pronase treatment, boiling, high ionic strength, and magnesium but not calcium. Fractionation of the primary granules by reverse phase high-pressure liquid chromatography on a C 4 column over an acetonitrile gradient revealed multiple peaks with anticryptococcal activity. Of these, peaks 1 and 6 had substantial fungistatic and fungicidal activity. Peak 1 was identified by acid-urea polyacrylamide gel electrophoresis (PAGE) and mass spectroscopy as human neutrophil proteins (defensins) 1 to 3. Analysis of peak 6 by sodium dodecyl sulfate-PAGE revealed multiple bands. Thus, human PMN have nonoxidative anticryptococcal activity residing principally in their cytoplasmic and primary granule fractions. Calprotectin mediates the cytoplasmic activity, whereas multiple proteins, including defensins, are responsible for activity of the primary granules.
Cryptococcus neoformans is an encapsulated fungus that is a significant cause of morbidity and mortality in patients with impaired cell-mediated immunity, especially those with AIDS (9, 11) . Polymorphonuclear leukocytes (PMN) are thought to contribute to innate defenses against cryptococcosis, particularly early in the course of infection before an acquired immune response has had time to develop. Thus, in animal models, a PMN influx into tissues is seen soon after cryptococcal challenge and is associated with rapid, albeit partial, clearance of the organism (21, 47) . In murine models of cryptococcosis, boosting PMN defenses by administration of granulocyte colony-stimulating factor resulted in reduced brain tissue burden and prolonged survival of mice treated with fluconazole (27) . PMN are frequently found in pathology specimens taken from humans with cryptococcosis, although in only a minority of cases do PMN predominate (3, 30) . In vitro, human PMN kill C. neoformans, provided opsonins in the form of complement or antibody are present to facilitate recognition of the fungi (29, 33, 37, 42) .
PMN can exert antimicrobial activity by two general mechanisms, oxidative and nonoxidative. The former is characterized by the respiratory burst, a process whereby molecular oxygen is consumed and reduced to superoxide anion (2, 49) . A series of reactions then results in the generation of reactive oxygen intermediaries with potent antimicrobial activity. Several studies have demonstrated that oxidative mechanisms contribute to PMN anticryptococcal activity (10, 15, 60) . In vitro oxidative inhibition and killing of C. neoformans was reported by several investigators (15, 42, 43, 60) . Moreover, in cell-free systems, C. neoformans is susceptible to killing by oxidants known to be generated by PMN, including hydrogen peroxide (10, 15) . However, concentrations of oxidants required to kill fungi are generally considerably higher than those required to kill bacteria.
A multitude of effector molecules with nonoxidative antimicrobial activity have been found in PMN. Density gradient separation of disrupted PMN reveals three major fractions with antimicrobial activity: primary (azurophil) granules, secondary (specific) granules, and cytoplasm (14) . Following phagocytosis, granules fuse with the phagosome and release their contents directly onto the microbe. There are about 1,500 primary granules contained in a mature PMN (31) . Antimicrobial substances known to reside in primary granules include defensins, elastase, cathepsin G, collagenase, proteinase 3 or p29b or AGP7, bacterial permeability factor, and azurocidin/ CAP37 (4, 22, 31, 46, 64) . Secondary granule proteins include lysozyme and lactoferrin (31) . The major cytoplasmic antimicrobial protein appears to be the zinc-binding protein calprotectin (44) .
A putative role for PMN nonoxidative anticryptococcal activity can be found in studies in which purified components of PMN, including defensins (1, 22, 32, 61) , calprotectin (59) , lysozyme (21) , and lactoferrin (63) , inhibited or killed C. neoformans. However, in those studies, it was often unclear whether the concentrations and conditions tested were physiological. Moreover, by using purified components, synergistic activity, if present, would be missed. The aim of the present study was to define the contribution of PMN nonoxidative mechanisms to inhibition and killing of C. neoformans by directly testing the three major PMN fractions for anticryptococcal activity at concentrations likely to be physiologically relevant and then determining the individual components of the fractions responsible for the activity.
MATERIALS AND METHODS

Materials.
Reagents used were purchased from Sigma Chemical Co. (St. Louis, Mo.) unless otherwise stated. RPMI 1640 was purchased from Bio-Whittaker (Walkersville, Md.) and supplemented with penicillin, streptomycin, and L-glutamine. Reagents used for reverse-phase high-pressure liquid chromatography (RP-HPLC) were purchased from Fisher Scientific (Fair Lawn, N.J.). Pronase attached to agarose beads (immobilized pronase) was purchased from Pierce Chemical Co. (Rockford, Ill.). Pooled human serum (PHS) was obtained by combining sera from at least 10 healthy donors under conditions which preserved complement activity and stored in aliquots at Ϫ70°C until use (50) .
C. neoformans. The encapsulated serotype A C. neoformans strain 145 (ATCC 62070) was used for all studies. This strain has been shown previously to be susceptible to killing by human PMN (43, 50) . Fungi were harvested after 72 h growth on Sabouraud dextrose agar plates at 30°C, washed twice in phosphatebuffered saline, counted on a hemocytometer, and resuspended at the desired concentration.
Isolation of PMN and fractionation of subcellular components. Human PMN were isolated from heparinized peripheral blood by sequential dextran sedimentation, Ficoll-Hypaque centrifugation, and hypotonic lysis (40, 50) . Granule and cytoplasmic fractions were obtained by nitrogen cavitation and Percoll gradient sedimentation as described elsewhere (5, 14) . Briefly, PMN (5 ϫ 10 8 to 13 ϫ 10 8 ) isolated from 250 ml of blood were suspended in ice-cold relaxation buffer [125 mM KCl, 5 mM NaCl, 3.5 mM MgCl 2 , 10 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (PIPES), 1 mM Na 2 ATP, 10 M leupeptin, 5 M pepstatin A (pH 7.4)] and pressurized in a nitrogen bomb (Parr Instrument Company, Moline, Ill.) at 425 lb/in 2 for 30 min with constant stirring. Nuclei and cell debris were removed by centrifugation at 500 ϫ g for 10 min at 4°C. The supernatant was layered over a discontinuous Percoll gradient of 1.02, 1.05, 1.10, and 1.12 g/ml and centrifuged at 100,000 ϫ g for 30 min. The cytoplasmic fraction is found on top of the density gradient at ϭ 1.02, the secondary granule fraction was located at the bottom of gradient at ϭ 1.05, the mix fraction was located at the bottom of gradient at ϭ 1.10, and the primary granule fraction was located in the middle of gradient at ϭ 1.12. The fractions were recovered from the Percoll by ultracentrifugation at 180,000 ϫ g for 3 h. The layer that sedimented above the packed Percoll was aspirated and resuspended in relaxation buffer, and the granules were disrupted by freeze-thawing five times. Where indicated, fractions were desalted and concentrated using a centrifuge filter with a molecular weight cutoff of 4,000 as instructed by the manufacturer (Nalge Nunc International, Rochester, N.Y.). All fractions were stored at Ϫ70°C until use.
Assays for lactoferrin and elastase. To assess purity of the granule preparations, fractions were assayed for the primary and secondary granule markers elastase and lactoferrin, respectively. Elastase activity was measured by spectrofluorimetry using O-methyl-Suc-Ala-Ala-Ala-methylcoumarin as the substrate (24, 54) . Lactoferrin was measured by sandwich enzyme-linked immunosorbent assay (23) . Total protein concentration was determined by the bicinchoninic acid method (Pierce), with bovine serum albumin in relaxation buffer as the standard (14) .
Inhibition and killing of C. neoformans. Inhibition and killing of C. neoformans were measured as in our previous studies (34, 50) . Briefly, PMN or purified PMN fractions were incubated for 2 h (killing assay) or 18 h (growth inhibition assay) with C. neoformans in a 96-well flat-bottom microtiter plate (Costar, Cambridge, Mass.). For wells containing intact PMN, the cells were lysed by the addition of a final concentration of 0.1% Triton X-100, and contents of wells were transferred to test tubes containing 1 ml of distilled water, diluted, and spread on Sabouraud agar plates. These conditions completely release phagocytosed C. neoformans without affecting fungal viability (50) . Wells containing PMN fractions were treated identically except that Triton X-100 was omitted. Following 48 to 72 h of incubation at 30°C, C. neoformans colonies were counted and the number of CFU per well was calculated. For each assay, sets of wells containing C. neoformans, medium, and PHS (but no effector cells) were incubated at 37°C to determine control fungal growth. Results are expressed as percent anticryptococcal activity according to the formula [1 Ϫ (CFU experimental/CFU control)] ϫ 100. We have found that replication of C. neoformans, which is harvested at the stationary phase of growth, does not occur following incubation at 37°C for 2 h (34, 50) . Thus, percent anticryptococcal activity is equivalent to percent killing when the incubation period is 2 h.
For the studies described in Table 2 , the anticryptococcal activity of RP-HPLC fractions was determined visually by assessing growth under an inverted microscope. Fractions were diluted in 10 mM phosphate buffer (pH 5.5) containing 2% RPMI 1640 and incubated with 2.5 ϫ 10 3 C. neoformans cells for 18 h in 384 flat-bottom well plates containing a final volume of 25 l. Growth in the wells was scored from 0 to ϩϩϩ, with 0 indicating no fungistasis (growth equivalent to that seen in the absence of fractions), 1ϩ indicating a modest degree of fungistasis (0 to 50%), 2ϩ indicating moderate (Ͼ50%) fungistasis, and 3ϩ indicating complete fungistasis (no growth). Wells were read with the observer blinded as to experimental group.
Calprotectin studies with Mac 387 antibody. To study the role of calprotectin in mediating anticryptococcal activity, the cytoplasmic fraction was depleted of calprotectin by the procedure of Sohnle et al. (56) . Briefly, monoclonal antibody to calprotectin, Mac 387 (Dako, Carpinteria, Calif.), and the irrelevant isotypematched control antibody 36.65, specific for the hapten azophenylarsonate (51), were desalted (HiTrap desalting column; Pharmacia, Uppsala, Sweden), and then each antibody was incubated with cytoplasmic fractions at a concentration of 1 g of antibody to 2 g of cytosol protein for 30 min at 37°C. The preparation then was centrifuged at 10,000 ϫ g for 1 h at 4°C, and the supernatants were tested for anticryptococcal activity as described above.
Separation of the primary granule fraction by RP-HPLC. PMN primary granules obtained from 250 ml of blood were acid extracted by freeze-thawing five times in the presence of an equal volume of 100 mM glycine (pH 2.0) (64) . The sample was vigorously agitated for 40 min and centrifuged at 1,400 ϫ g to remove visible debris. The extracted proteins then were separated by RP-HPLC (Hewlett-Packard [Burlington, Mass.] 1090 series II) using a C 4 column (214TP54; Vydac, Heperia, Calif.) equilibrated in solvent A (aqueous 0.1% trifluoroacetic acid [TFA]). Elution was with a gradient to 20% solvent B (0.09% TFA in acetonitrile) over 10 min, then to 80% solvent B for an additional 60 min, and finally to 100% solvent B over the last 10 min. The flow rate was 1 ml/min (64) . Fractions (1 ml) were dried using a speed vacuum pump, reconstituted in 100 l of 10 mM phosphate buffer (pH 5.5), and tested for anticryptococcal activity as described above. The most active fractions were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in 8 to 16% polyacrylamide gels (Bio-Rad Laboratories, Hercules, Calif.).
Identification of human neutrophil defensins. Fractions were analyzed for the presence of human neutrophil defensins on a 12.5% acid-urea polyacrylamide gel loaded with 1.2 to 2 g of peptide. A standard containing the defensins human neutrophil peptides 1 to 4 (HNP-1 to -4) was run in parallel. Bands were visualized by staining with formalin-Coomassie blue (53) . The presence of defensins was further studied using mass spectroscopy performed by matrix-assisted laser desorption ionization-time of flight (MALDI/TOF) on a PE Biosystems Voyager RP mass spectrometer in a linear mode. Samples (1 to 10 pmol) were dissolved in water-acetonitrile (1:1) containing 0.1% TFA. Masses obtained were for protonated monoisotopic species and in all cases were within 1% of the calculated masses for HNP-1, -2, -3, or -4 (62).
Statistics. The two-tailed Student t test or paired t test was used to compare experimental and control groups, while the Mann-Whitney rank sum test was used when tests for normality failed.
RESULTS
Effect of inhibitors of respiratory burst oxidants on neutrophil anticryptococcal activity.
Initial experiments sought to examine the relative contributions of oxidative and nonoxidative mechanisms to neutrophil anticryptococcal activity. PMN were incubated for 2 and 18 h with C. neoformans in the presence and absence of superoxide dismutase, catalase, and mannitol. This cocktail inhibits the generation of reactive oxygen intermediaries as well as scavenges oxygen metabolites. At both time points, PMN had significant anticryptococcal activity (Fig. 1) . Moreover, the presence of the cocktail of inhibitors significantly reduced, but did not abolish, the anticryptococcal activity of the PMN. These data suggest that both oxidative and nonoxidative mechanisms of growth inhibition or killing of C. neoformans are operative in PMN.
Growth inhibition or killing of C. neoformans by PMN fractions. Having suggestive evidence that PMN utilize nonoxidative anticryptococcal mechanisms, we next sought to determine the mediators responsible for this activity. PMN were subjected to nitrogen cavitation and then separated on a discontinuous Percoll gradient. Four fractions were obtained: cytoplasm, secondary, primary, and mix (an impure fraction that has a mixture of granules from the primary and secondary fractions). Purity of the fractions was determined by assaying for the secondary and azurophil markers lactoferrin and elastase, respectively (Table 1) . Of the PMN fractions, the primary granule fraction had the greatest anticryptococcal activity, followed in order by the cytoplasmic and secondary granule fractions (Fig. 2) .
Role of calprotectin in mediating the anticryptococcal activity of the cytoplasmic fraction. The next set of studies sought to determine the mediator(s) responsible for the anticryptococcal activity of the cytoplasmic fraction. Several reports (12, 38, 44, 52) have linked the zinc-binding protein calprotectin with antimicrobial properties contained in the PMN cytoplasm. In three independent experiments, addition of 10 M ZnCl significantly reversed the inhibitory activity of the cytoplasmic fraction (40.7% Ϯ 6.9% and Ϫ76.7% Ϯ 34.3% [mean Ϯ standard error {SE}]) anticryptococcal activity over 18 h in the absence and presence of ZnCl, respectively; P Ͻ 0.0001, using the Mann-Whitney rank sum test). To further study the role of calprotectin in mediating the anticryptococcal activity, the PMN cytoplasmic fraction was depleted of calprotectin by immunoprecipitation with the monoclonal antibody to calprotectin, Mac 387 (Fig. 3) . Anticryptococcal activity was nearly completely abolished with calprotectin-depleted cytoplasm. In contrast, there was no significant effect when the cytoplasmic fraction was treated with a control antibody in lieu of Mac 387. Taken together, these data suggest that calprotectin is responsible for the anticryptococcal activity in the cytoplasmic fraction and that inhibition is mediated by zinc deprivation.
Requirements for the anticryptococcal activity of the azurophil fraction. Next, we focused on defining the conditions under which anticryptococcal activity of the primary granule fraction occurred. The anticryptococcal activity of this fraction was significantly reduced at high ionic strength and in the presence of 5 mM magnesium but was unaffected by 5 mM calcium and pH over a range from 5 to 7 (Fig. 4) . Significant anticryptococcal activity was observed even when the primary granule fraction was diluted up to eightfold (Fig. 5) . To determine if peptides or proteins contributed to the anticryptococcal activity, the primary fraction was subjected to boiling and treated with pronase. Both treatments completely abrogated anticryptococcal activity (Fig. 6) , suggesting that the antifungal effects are mediated by peptides and/or proteins.
HPLC and identity of major fractions. In the final set of experiments, we sought to determine the component(s) of the primary granule fraction with anticryptococcal activity. Following acid extraction, primary granule proteins were separated by RP-HPLC using a C 4 column and eluted over an acetonitrile gradient. Eight major peaks were observed (Fig. 7A) . Fractions of 1 ml were collected and tested for fungistatic capacity. There were varying degrees of fungistasis at regions that corre- Using the paired t test, there were significant differences (P Ͻ 0.0001) in percent anticryptococcal activity at both 2 and 18 h when the absence of inhibitors was compared to the presence of inhibitors. Furthermore, there were significant differences (P Ͻ 0.0001) in C. neoformans CFU between wells lacking PMN (not shown) and those containing PMN. These differences were observed regardless of whether inhibitors were present and at both 2-and 18-h time points. Using the paired t test, there were significant differences (P Ͻ 0.0001) in growth inhibition at both 2 and 18 h when the absence of inhibitors was compared to the presence of inhibitors. Furthermore, there were significant differences (P Ͻ 0.0001) between the control wells (not shown) and those containing PMN in the presence and absence of inhibitors at both 2 and 18 h. These differences were observed regardless of whether inhibitors were present and at both 2-and 18-h time points. sponded to the peaks, but the fractions representing the first and sixth peaks had substantial fungistatic activity (Table 2) . Moreover, in a 2-h killing assay, 95% Ϯ 0.5% and 61% Ϯ 6.3% of the fungal inoculum was killed by peaks 1 (fractions 22 to 24) and 6 (fractions 33 to 34), respectively (mean Ϯ SE of two experiments performed in duplicate). Killing was inhibited by all major peaks by high ionic strength and in the presence of magnesium but not calcium (data not shown). Fractions from the remaining peaks had less fungicidal activity than peaks 1 and 6. SDS-PAGE analysis of the fractions comprising peak 1 and 2 revealed a broad band at approximately 3 kDa (Fig. 7B) . This, and the elution profile on RP-HPLC (64), suggested that peak 1 is comprised of the HNPs (members of the defensin family). Mass spectroscopy (data not shown) and acid-urea PAGE (Fig. 7C ) confirmed this and specifically demonstrated the presence of HNP-1 to -3. Peak 2, which was contained in fraction 25, was predominately HNP-1 and -2, while peak 3 (fraction 26) was HNP-1 and -4. SDS-PAGE analysis of fraction 34 from peak 6 revealed a single broad band at 30 kDa and multiple bands at 14.3 to 21.5 kDa (Fig. 7B) . Further fractionation of peak 6 by RP-HPLC on a C 18 column with elution over an acetonitrile gradient resulted in a single peak, which on SDS-PAGE had an apparent mass of 30 kDa. This peak lacked anticryptococcal activity (data not shown).
DISCUSSION
The data presented herein demonstrate a role for nonoxidative anticryptococcal activity and define many of the major mediators responsible for activity. Incubation of PMN with a potent cocktail of inhibitors and scavengers of respiratory burst products resulted in approximately 50% retention of PMN anticryptococcal activity at both the 2-and 18-h time points. These data are consistent with results obtained with PMN from chronic granulomatous disease (CGD) patients (15) . CGD PMN, which are incapable of generating a respiratory burst, did not kill C. neoformans as well as control PMN but still effected significant killing. In contrast, using the same concentrations of inhibitors as utilized in our study, Chaturvedi et al. found that superoxide dismutase completely inhibited PMN killing of C. neoformans strain H99 (10). However, another C. neoformans strain, characterized by relatively low mannitol production, was only partially inhibited by superoxide dismutase, suggesting that there may be strain-related differences in susceptibility to PMN nonoxidative killing. Additionally, the PMN respiratory burst is short-lived and usually over well within 2 h (8). Thus, it is likely that for fungi that resist initial killing, the PMN must rely nearly exclusively on nonoxidative antimicrobial mechanisms.
The importance of PMN nonoxidative mechanisms has been demonstrated for other fungi as well. Stein et al. (58) , using anucleate, granule-poor cytoplasts (U-CYT) derived from human PMN, demonstrated that PMN granule components were necessary for killing of Candida albicans hyphae (58) . The hyphae could not be killed by large numbers of U-CYT, even in the presence of exogenous myeloperoxidase, unless purified sublethal concentrations of PMN granule extracts were added. This suggested that both oxidative and nonoxidative mechanisms could have been working in synergy to effect complete killing of the organism. In a study on PMN-mediated activity 4 . Effects of ionic strength, pH, and divalent cations on anticryptococcal activity of the primary granule fraction. The primary granule fraction was desalted and brought to its original volume in 10 mM NaCl, 140 mM NaCl, 10 mM phosphate buffer (PB) at pH 5, 6, or 7, 10 mM calcium chloride, and 10 mM magnesium sulfate, as indicated on the abscissa. The samples then were incubated for 18 h with C. neoformans in the presence of 2% RPMI 1640, and anticryptococcal activity was measured as described in Materials and Methods. Data represent means Ϯ SE of three experiments each performed in triplicate. P Ͻ 0.0001 comparing 10 mM NaCl and 140 mM NaCl; P Ͻ 0.0001 comparing 10 mM NaCl and 10 mM MgSO 4 , using the paired t test.
against Histoplasma capsulatum (45) , there was no difference in fungistatic activity between CGD patients and healthy controls, suggesting that nonoxidative mechanisms predominated.
All three PMN fractions tested had anticryptococcal activity, with the primary granule fraction having the greatest activity, followed by the cytoplasmic and secondary granule fractions. Importantly, fractions were not concentrated prior to testing. Thus, the concentrations of the fractions used in the assays should approximate those found in the PMN. The primary granule fraction also had the greatest activity against H. capsulatum, with fungistasis demonstrable for up to 7 days (45) .
Our data provide strong support for the role of calprotectin in mediating the anticryptococcal activity of the cytoplasmic fraction. Calprotectin is a heterodimeric, zinc-binding protein that accounts for up to 40% of the protein content of the cytoplasm (16, 19, 26, 52) . Activity of the cytoplasmic fraction was lost following immunodepletion of calprotectin and by the addition of 10 M zinc. The latter effect suggests that the mechanism of action of calprotectin against C. neoformans is nutritional deprivation of zinc (38, 44, 55) . In support of our data, purified calprotectin has previously been shown to have anticryptococcal activity (59) . Similar effects have been noted for calprotectin activity against Candida albicans (44, 56) .
The relevance of the anticryptococcal activity of the cytoplasmic fraction is unclear. When phagocytosed, C. neoformans is thought to reside in a phagolysosome (35) , and thus intracellular contact with cytoplasmic contents is likely to be minimal. Interestingly though, in murine macrophages, C. neoformans has been shown to disrupt the phagosomal membrane (20) . If the same process occurs with human PMN, then the cytoplasm could have extensive contact with phagocytosed C. neoformans. Moreover, following lysis of PMN, calprotectin is released to the immediate environment (48) . In rare cases of cryptococcosis where abscess formation occurs (3), the possibility that calprotectin may inhibit growth of extracellular C. neoformans cannot be dismissed. A similar role for calprotectin has been postulated in abscesses due to Candida species (48) .
The primary granule fraction retained significant potency against C. neoformans even when diluted up to eightfold. Moreover, activity of the primary fraction granule was retained over a pH range of 5 to 7. The pH of the cryptococcal phagolysosome is approximately 5, although it rises to 7 in the presence of chloroquine (35) . Thus, the primary granules had potent activity over a biologically relevant pH range. Newman et al. (45) also showed that over a range of pH 4 to 8 there was no difference in anti-H. capsulatum activity of the primary granule fraction.
There was a significant reduction in anticryptococcal activity of primary granules when ionic strength was increased and with the addition of magnesium but not calcium. The primary granule components defensins and azurocidin are inhibited by increasing ionic strength (7, 39) . The antimicrobial activity of azurocidin is also inhibited by calcium, an effect not found in our primary granule preparations. The effect of divalent cations on the antimicrobial activity of the defensins varies depending on the target organism (39) .
Fractionation of the primary granule contents by RP-HPLC on a C 4 column revealed eight major distinct peaks following elution with an acetonitrile gradient. This chromatogram profile was similar to that obtained by Wilde and coworkers (64) . Peak 1 was the largest and also had the greatest anticryptococcal activity. Using SDS-PAGE, acid-urea PAGE, and MALDI-TOF mass spectroscopy, peaks 1 and 2 were demonstrated to be members of the defensin family, HNP-1 to -4. Defensins are cationic proteins that are widely distributed in nature, including mammals, birds, amphibia, invertebrates, and FIG. 5. Dose-response curve of the primary granule fraction. The primary granule fraction was left undiluted or successively diluted twofold, as indicated, in 10 mM NaCl. Samples were then incubated for 18 h with C. neoformans in 10 mM NaCl containing 2% RPMI 1640. Anticryptococcal activity was measured as described in Materials and Methods. Data represent means Ϯ SE of three experiments each performed in triplicate. Mean protein concentration in the undiluted fraction was 661.26 g/ml. P Ͻ 0.0001 comparing anticryptococcal activity at all dilutions up to eightfold to controls incubated with medium containing no primary granules, using the paired t test.
FIG. 6. Effects of boiling and pronase treatment on the anticryptococcal activity of the primary granule fraction. The primary fraction was left untreated, boiled for 10 min, or treated with immobilized pronase for 2 h at 37°C. The samples then were incubated for 18 h with C. neoformans, and anticryptococcal activity was measured as described in Materials and Methods. Data represent means Ϯ SE of three experiments each performed in triplicate. There was statistical significance when the untreated group was compared to the boiled and pronase-treated group by using the Mann-Whitney rank sum test (P Ͻ 0.001). (13, 17, 36) . In our studies, the FIG. 7 . Fractionation and analysis of the primary granule proteins. (A) Primary granule proteins were fractionated by RP-HPLC on a C 4 column equilibrated in solvent A (0.1% aqueous TFA) and eluted with a gradient to 20% solvent B (0.9% TFA in acetonitrile over 5 min, then 70% over 65 min, followed by 100% over 85 min and 0% over 90 min). Fractions of 1 ml were collected and assayed for anticryptococcal activity as shown in Table 2 defensin-containing fraction maintained fungistasis even at a 200-fold dilution. Moreover, activity was seen at both 2 and 18 h. As C. neoformans does not replicate over 2 h under the conditions of the assay (34) , these data demonstrate the capacity of defensins to kill C. neoformans.
Substantial anticryptococcal activity, including killing, was also associated with peak 6. SDS-PAGE of peak 6 revealed several bands including a predominant band at approximately 30 kDa. Attempts to purify the active component(s) in peak 6 were unsuccessful, as activity was completely lost upon further purification by RP-HPLC on a C 18 column. Loss of activity could be due to a requirement for multiple granule proteins acting in synergy, although the possibility that an antifungal protein was lost in the purification step cannot be totally eliminated. Primary granule proteins with known antimicrobial activity that have molecular masses of approximately 30 kDa include cathepsin G, azurocidin, CAP37, and proteinase 3 (18) . Several of the other peaks also had anticryptococcal activity, albeit weaker than that associated with peaks 1 and 6. Moreover, weak activity was also found in the secondary granules, although this was not statistically significant. This activity was not further characterized, although others have associated anticryptococcal activity with the secondary granule components lactoferrin (63) and lysozyme (6) . A small amount of elastase activity was detected in the secondary granule fraction, thus raising the possibility that some of the antifungal activity associated with this fraction was actually due to contamination from primary granules.
Taken together, the data demonstrate the existence of a broad range of PMN granule proteins with nonoxidative anticryptococcal activity. The clinical implications of our findings are speculative. There is great interest in developing therapies that boost natural host defenses against opportunistic fungi (41) . Nowadays, the vast majority of patients with cryptococcosis has severely impaired T-cell function due to AIDS or immunosuppressive medications (25) . For those patients, it may be unrealistic to expect to acutely boost T-cell function. In contrast, augmenting PMN host defenses against C. neoformans could be a more realistic approach, as PMN function is relatively preserved in most patients with cryptococcosis (15, 57, 60) . Our data demonstrating that both oxidative and nonoxidative antimicrobial mechanisms are important in PMN defenses against cryptococcosis suggest that approaches aimed at boosting PMN anticryptococcal activity should be directed at both mechanisms. Fungistasis   20 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35 36 37 38 39  40 41 42 43 44 
